Degradation Of Organic Matter In Water In The Presence Of Catalyst And Uv Radiation by Bandaranayake, Bimali
Eastern Illinois University
The Keep
Masters Theses Student Theses & Publications
1-1-2010
Degradation Of Organic Matter In Water In The
Presence Of Catalyst And Uv Radiation
Bimali Bandaranayake
Eastern Illinois University
This research is a product of the graduate program in Chemistry at Eastern Illinois University. Find out more
about the program.
This Thesis is brought to you for free and open access by the Student Theses & Publications at The Keep. It has been accepted for inclusion in Masters
Theses by an authorized administrator of The Keep. For more information, please contact tabruns@eiu.edu.
Recommended Citation
Bandaranayake, Bimali, "Degradation Of Organic Matter In Water In The Presence Of Catalyst And Uv Radiation" (2010). Masters
Theses. 77.
http://thekeep.eiu.edu/theses/77
http://www. ei u. edu/-graduate/forms/thesisreproducti oncert.html Thesis Reproduction Certificate 
THESIS MAINTENANCE AND REPRODUCTION CERTIFICATE 
TO: Graduate Degree Candidates (who have written formal theses) 
SUBJECT: Permission to Reproduce Theses 
The University Library is receiving a number of request from other institutions asking permission to reproduce 
dissertations for inclusion in their library holdings. Although no copyright laws are involved, we feel that 
professional courtesy demands that permission be obtained from the author before we allow these to be copied. 
PLEASE SIGN ONE OF THE FOLLOWING STATEMENTS: 
Booth Library of Eastern Illinois University has my permission to lend my thesis to a reputable college or 
university for the purpose of copying it for inclusion in that institution's library or research holdings. 
":4:+ (,2.../.20((,) . 

Author's Signature Date 
I respectfully request Booth Library of Eastern Illinois University NOT allow my thesis to be reproduced 
because: 
Author's Signature Date 
This form must be submitted in duplicate. 
10ft 6/8/2009 4: 18 PM 
Degradation of Organic Matter in Water in the 
Presence of Catalyst and UV Radiation 
(TITLE) 
BY 
Bimali Bandaranayake 
THESIS 
SUBMITIED IN PARTIAL FULLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
Master of Science in Chemistry 
IN THE GRADUATE SCHOOL, EASTERN ILLINOIS UNIVERSITY 
CHARLESTON, ILLINOIS 
2010 
YEAR 
I HEREBY RECOMMEND THAT THIS THESIS BE ACCEPTED AS FULFILLING 
THIS PART OF THE GRADUATE DEGREE CITED ABOVE 
~~ , 
TtrflS C~TTEE CHAIR DATE CI5EPARTMENT/SCHOOL CHAIR DATE 
OR CHAIR'S DESIGNEE 
v: ~L--:::-.--.--. ;/1//1 ~(11~
• THESIS COMMITTEE MEMBER DATE THESIS COMMITTEE MEMBER 
f.~· ()I/P!/II 
THESIS COMMITTEE MEMBER DATE THESIS COMMITTEE MEMBER DATE 
Degradation of Organic 

Matter in Water in the 

Presence of Catalyst and UV 

Radiation 

By 

Bimali Bandaranayake 

I would like to dedicate this thesis to my parents, 

husband and daughter 

ABSTRACT 
Organic contaminants specially dyes, presents in water is a major environmental 
problem. Organic compounds can be degraded completely in the presence of 
photo catalysts and UV radiation. The kinetics of degradation of three dyes was studied 
using a variety of UV photocatalytic materials. The dyes (methylene blue, malachite 
green, chrysodoine R) were chosen based on their polarity differences. Catalysts 
consisting of pure Ti02, mixed oxides of Ti02 containing Si02, and others containing 
Si02 and iron oxide, Si02/ Zr02/ Ce02, and Ce02/Si02 were studied. The Ti02/ Si02 and 
Si02/Zr02/Ce02 catalysts exhibited the highest degradation rates for methylene blue. The 
more hydrophobic pure Ti02 catalyst showed a greater degradation rate for the 
hydrophobic dyes malachite green and chrysoidine R than for hydrophilic methylene 
blue. The more hydrophilic Ti02/Si02 catalyst showed a great degradation rate for 
methylene blue than for the hydrophobic dyes malachite green and chrysoidine R. These 
degradation rates also correlate with the amount of dye physically adsorbed to the 
catalyst surface and the adsorption properties of the surface. 
The Ti02 coated Si02 materials and the Si02/Zr02/Ce02 catalysts showed the 
highest degradation rates for methylene blue. Low concentrations «5 wt. %) ofZr02 and 
intermediate concentrations (12 - 18 wt.% Ce02) were found to be the best catalysts. 
This suggests further avenues to synthesize Si02/ Zr02/ Ce02 catalysts with improved 
activity. 
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CHAPTERl 

Introduction 

Organic environmental contaminants in water are a major problem, particularly 
those with known carcinogenic and mutagenic properties. While there are a wide variety 
of organic contaminants, dyes are the easiest ones to study analytically. These molecules 
have chromophores in a convenient range of the electromagnetic spectrum and their 
concentrations are readily determined using visible spectrophotometry. In addition, 
studies of these dye systems are important for industrial applications. For example, the 
leather and textile industries use a large amount of azo dyes in the finishing process. I-7 
Traditional methods such as ozonation, membrane processes, filtration with coagulation, 
ozonation, and various combinations of the above can be used to treat waste water. These 
methods are either expensive or eliminate secondary pollutants. Photocatalytic treatment 
of waste water can playa major role because it completely dissociates organic matter into 
C02 and H20 with high efficiency, easy handling, high selectivity, and low operating 
costs. 8 The major role of a catalyst is to decrease the activation energy thus increasing the 
reaction rate. In addition to being able to reduce activation energy, the catalyst should be 
conserved and be easily separable from the products after the reaction. 
A good photocatalyst would preferably have high surface area to exhibit high 
efficiency in photo degradation. Surface area can be increased by having small particles, 
but this makes filtration more difficult.9 Heterogeneous photocatalysts have high 
efficiency in the degradation of organic matter present in water under mild conditions 
such as room temperature and atmospheric pressure. I-4,9-11 These materials must have 
desirable properties such as high surface area, be chemically inert, and exhibit 
1 
transparency to UV radiation. Since these photocatalytic reactions occur on the surface of 
the catalyst, its surface properties play a major role in its efficiency. Surface 
modifications have been done in order to improve the efficiency of the reactions. 10 There 
are several ways to prepare mixed oxides the textural properties of which (e.g. surface 
roughness; particle aggregation; specific surface area, SBET; and degree of particle 
dispersion) depend on the preparation process and the composition of each compound. 
Normally, the SBET value is determined by the primary nanoparticle size. The structural 
and morphological characteristics affect the interaction of nanoparticles with their 
environment (i.e. with the other material in the surroundings) and their adsorption 
properties. The adsorption properties of nanoparticles towards substances of various 
polarities can be tailored by surface modification of nanoparticles and is typically done 
by introducing organometallic or organic compounds. 12 Surface modification can be 
done in ways that increase specific surface area and porosity of the catalyst which, in 
tum, leads to better adsorption and decomposition of organic matter. 
Structural, electronic, and adsorption properties of solid oxides can be modified 
by using different methods of synthesis including sol-gel, precipitation, pyrogenic 
synthesis(flame with H2/ O2/ N2 at 1200-1600 DC), chemical vapor deposition (CVD), 
physical plasma deposition (PPD), wet impregnation, and pseudo-liquid state 
modification (PLSM).13 Here, we mainly study heterogeneous catalysts prepared by 
pyrogenic synthesis. Titania (Ti02) is a commonly used photo catalyst in the 
decomposition of organic matter. Therefore it can be used for the production of 
heterogeneous photocatalysts with other mixed oxides such as Zr02, Ce02, and Fe203. 
2 
1.1 Titania (Ti02/ Titanium (IV) oxide): 
Titania is a white pigment which is widely used in the production of photo catalysts due 
to its ability to degrade organic matter completely under room temperature and pressure. 
There are three crystalline forms of titania, anatase, rutile, and brookite. Titania in the 
anatase phase is mostly used as a photo catalyst due to availability, low cost, lack of 
toxicity, and high chemical stability.I-4,IO,1l Most importantly, its bandgap of ~3.0 eV 
allows oxygen to act as an acceptor of photo generated electrons. 14,15 Ti02 anatase 
absorbs radiation below 380 nm and generates an electron and hole which initiates the 
. . f . 15decomposltlOn 0 orgamc matter. 
1.2 Silica (Si02/ Silicon (IV) oxide) 
Silicon is the second most abundant element in the world. To prepare fumed silica, 
silicon (IV) chloride is heated in a flame to produce very small particles of Si02. Fumed 
silica is also known as pyrogenic silica which is used for the production of catalysts for 
photo degradation of orgamc matter. These include Silica/Titania, 
Silica/Zirconia/Cerium, Silica/ Ferrous/Titania, and Silica/Cerium as examples .. 12 
1.3 Zirconia (Zr02 / Zirconium (IV) oxide) 
Zirconia is a transition metal oxide with stable photochemical properties. 16 It is used as a 
catalyst because of its redox properties and amphoteric character which allows it to act as 
a catalyst in both acid and basic environments. The structural and textural properties of 
zirconia are affected by its crystalline structure. The catalytic properties of zirconia 
3 
depend on the type of precursor, the pH during hydrolysis, the doping with ions, the 
technique used, and the post thermal treatments. Nanocrystalline zirconia shows higher 
catalytic activity compared to microcrystalline zerconia due to its high surface to volume 
ratio. 16,17 
1.4 Zirconia/ Silica: 
Zr02-Si02 has high thermal, chemical,and mechanical stability as well as strong 
surface acidity. These materials can also be used for heterogeneous catalysis. l7 These 
properties depend on the degree of mixing of two oxides (formation of Zr-O-Si linkages), 
precursor preparation method and experimental conditions. 
1.5 Ceria (Cerium (IV) Oxide): 
Rare earth oxides can be photo excited by absorbing light which corresponds to f­
d or f-f transitions. Because of this, these oxides can be used as photocatalysts. ls Ceria 
acts as a semiconductor photocatalyst which absorbs photo energy greater than its band 
gap (~2.95 eV). Ceria is also used as s dopant for the modification of Ti02, Si02, and 
Zr02 photocatalysts. 
1.6 Zirconia/Silica/Ceria: 
When specific surface area increases, the ability to adsorb O2 and -OH to the 
surface increases. When a catalyst is doped with Zr, the Zr+4 ions at the surface of the 
catalyst increase its surface potential. This, in turn, facilitates diffusion of free electrons 
4 
from the bulk to the surface of the particle which enhances the photocatalytic activity of 
the catalyst. There is a fast equivalent exchange of 02 molecules between the Ce02 lattice 
and the outside environment which enhances the light absorbing capability in the UV or 
UV -Vis region. When a catalyst is doped with Ce02, the oxygen reserve doubles and the 
transfer capacity of the catalyst improves the catalytic oxidation ability.19 
1.7 Ferrous Oxides: 
The band gap between the conduction band and the valence band of ferrous oxides is 2.2 
eV, a value lower than that of Ti02 (~ 3.0 eV)?O,21 The characteristics of Ti02 can be 
improved by doping Ti02 with Fe203.2o Several iron oxides compositions can be 
obtained. Iron acetylacetonate (Fe (acac)3) has been used for the preparation of Fe203 
nanoparticles with particle sizes <3-5 nm. The structural characteristics depend on the 
method of synthesis. Polar and non-polar solvents can be used for the preparation of 
Fe203 doped silica titania samples. 
1.8 Methylene Blue: 
Methylene blue is a dark green powder at room temperature and gives a dark blue 
solution when dissolved in water. It is used as a redox indicator, peroxide generator and a 
biological dye. Methylene blue has a molecular formula of C16H18N3SCI and its structure 
is given in Figurel. Because it has an adverse affect on human health and environment, it 
is very important to remove this compound from waste water. 
5 
~N 
/ CI 
Figure 1. Structure of methylene blue 
1.9 Malachite Green: 
Malachite green, N-methylated diaminotriphenylmethane (Figure 2) is a cationic 
dye with a molecular formula of C23H2sCIN2. Malachite green is used as a coloring agent 
for wool, cotton, jute, silk, and leather, a fungicide in the fish farming industry, an 
ectoparasiticide, and as a disinfectant.8,22 Due to the presence of nitrogen, malachite 
green is carcinogenic, genotoxic, mutagenic, and tetragenic.8,22 It has a great affect on 
mammalian cells and is a tumor enhancing agent. 
Figure 2. Structure ofmalachite green 
6 
1.10 Chrysoidine R 
Chrysoidine R (Figure 3) is a triaminobenzene with a methyl group attached to 
the ortho position. It is used in the production of brown paper, wood stain, shoe polish, 
and printing ink. Chrysoidine R is known to cause urinary bladder tumors.6,7,23 
()N=N/I 
Figure (3): Structure ofChrysoidine R 
1.11 Role of the catalyst: A 
hv__......___~ 
+ 
D D 
Figure 4: Heterogeneous photocatalytic processes occurring when the semiconducting 
particles illuminated with electromagnetic radiation of an energy hv. (CB- conduction 
band; VB - valence band; A - reducing species, D - oxidizing species). 
7 
1.12 Mechanism of the degradation process2 
When a catalyst is irradiated with a photon, a hole (h +) and an electron (e-) form: 
That hole can react with a water molecule and produce a proton and an oxidizing 
hydroxyl radical (·OH): 
Charge neutrality is obtained in the system by reducing an 02 molecule, which reacts 
with two protons to form H202 molecule: 
Some hydrogen peroxide decomposes to give water and oxygen: 
The ·OH radicals initiate the oxidation of organic compounds to carbon dioxide and 
water: 
This radical reacts with O2present in water to form a ·OH plus a ketone. 
o 
I 
o 
I 
RCHCH2R' 
The ketone reacts with an OH- radical to form R'CH2• radical and a carboxylic anion. 
---.~ RCOO + H+ + R'CH2• 
R'CH2• radical reacts with O2present in the water to form an aldehyde and a ·OH. 
R'CH2• + O2 ~ R"CH2COO· ~R'CHO + ·OH (R" has less carbon than 
R'). 
The carboxylic anion reacts with a ·OH and W present in water to form a radical, CO2 
and H20 
8 
After several steps as above, organic compounds completely decompose to carbon 
dioxide and water 
R· + O2 .ROO· ----+ ----+ CO2 + H20 
1.13 UV Spectroscopy: 
UV-Vis spectroscopy IS the most widely used analytical technique. Highly 
conjugated orgamc compounds absorb electromagnetic radiation in this regIOn. 
According to the Beer Lambert Law, the absorbance is proportional to the concentration 
of the analyte if the path length and the wavelength of the incident radiation is constant. 
According to the Beer Lambert's Law 
A=ecl 
Where: 	 E - Molar absorptivity coefficient (Mcm-1) 
c- Concentration of the analyte (M or mol/dm3) 
1- Path length (cm) 
9 
1.14 Rate of Degradation: 
The rate of a reaction is found to be proportional to the concentrations of reactants 
raised to their powers. 
Eg: aA+bB Products 
Rate= k [A]m [B] n 
where k is the rate constant, [A] and [B] are concentrations of A and Band m and n are 

orders of reaction with respect to A and B, respectively. 

Rate law for a first order reaction24 is given by: 

Rate=.QI&= k [A] 

dt 

Where: 	 k - First order rate constant 
[A] - Concentration of reactant A 
fdA = fk [A] dt 

fdA = fkdt 

rAl 

InCt=-kt+InCo 
Where: 	 Ct - Concentration at time t (ppm) 
Co - Initial concentration (ppm) 
t - Time t (s) 
For a first order reaction a plot ofln Ctvs t should be linear with the rate constant given 
by the slope of the line. 
10 
CHAPTER 2 

Materials and Methods 

2.1 Materials 
2.1.1 Dyes 
Methylene blue (3, 7-bis (Dimethylamino)-phenothiazin-5-ium chloride), CAS 
nmber 18015-76-4 and chrysoidine R (3- benzenediamine, 4-methyl-6-(phenylazo)), CAS 
were purchased from National Aniline and Chemical Co Inc. NY, USA. Malachite green 
(4-[( 4-dimethylaminophenyl) phenyl-methyl]-N, N dimethyl aniline, CAS no: 1805-76-4 
was purchased from Fischer Scientific. Solutions were prepared using water which was 
prepared by double distilling the deionized water from EIU laboratories. 
2.1.2 Catalysts 
A series of 16 catalysts of varying compositions were studied. A comprehensive 
list of names together with their chemical composition, specific surface area, SBET, 
method of synthesis and/or pretreatment are given in Table 1. PC 500 (Ti02) was 
supplied by Millennium Inorganic Chemicals, Research center, Baltimore while other 15 
catalysts listed in Table 1 were prepared by the Institute of Surface Chemistry, Kalyush, 
Ukraine using a pyrogenic method. 13 were used with malachite green and methylene 
blue(in Experiment Part B). 
11 
2.2 Instrumentation 
2.2.1 Light source 
A 275 W ultraviolet (UV) sun lamp (General Electric) with intense emission lines 
at 312 nm and 365 nm was used as a light source for the photo degradation process. 
2.2.2 Ultraviolet- visible (UV-vis) Spectroscopy 
A Shimadzu UV-vis spectrometer (Model UV-3I00) equipped with a cuvette 
(international crystal labs-type 1 Q 10 mM ) was used to measure the absorbance of the 
sample. The absorbance measurements were taken at 663 nm for methylene blue, 617 nm 
for malachite green, and 453 nm for chrysoidine R. 
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Catalyst Chemical composition, wt % SBET, m2/g Method of synthesis or treatment 
Ti02 Si02 Fe203 Zr02 Ce02 
PC 500 100 - - - - 42 nontreated ultrafine titania-heated up to 600°C 
ST20 20 80 - - - 58 Silica Titania mixture prepared using pyrogenic synthesis 

Type 1 

TiSil 1- 600 6.5 93.5 - - - III X- Ray amorphous heated up to 600°C for 2 hrs. 

TiSi12- 600 15.0 85.0 
- - - 95 Anatase, heated to 600°C for 2 hrs. Crystallite size 9 nm 

TiSi13- 100 34.9 65.1 - - - 73 X- Ray amorphous heated up to 100°C for 2 hrs. 

Type 2 

FeSi - 98.6 1.4 - - 330 Heated at 550°C for Ihr. 

TiFeSi 1 8.2 90.4 1.4 - - 158 Heated at 550°C for Ihr. 

TiFeSi 2 16.4 82.2 1.4 - - 156 Heated at 550°C for Ihr. 

Type 3 

ZrCeSi 1 - 93.0 - 2.0 5.0 287 Heated at 550°C for Ihr. 

ZrCeSi2 - 90.0 - 5.0 5.0 283 Heated at 550°C for Ihr. 

ZrCeSi3 - 85.0 - 10.0 5.0 282 Heated at 550°C for Ihr. 

ZrCeSi4 - 75.0 - 20.0 5.0 279 Heated at 550°C for Ihr. 

Type 4 

CeSi 1 - 93.4 - - 6.6 2.4 Heated at 550°C for Ihr. 

CeSi2 - 87.7 - - 12.3 3.0 Heated at 550°C for Ihr. 

CeSi3 - 81.3 - - 18.3 3.4 Heated at 550°C for Ihr. 

CeSi4 - 76.7 - - 23.3 3.4 Heated at 550°C for Ihr. 

Table 1: Characteristics of catalysts used in Experiment part C - S (Specific Surface area), Ti-Ti02, Si-Si02, Zr-Zr02, Ce-Ce02, and 
Fe-Fe20 3 
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2.3 Methods: 
2.3.1. Photochemical decomposition of methylene blue, malachite green, and 
chrysoidine R in the presence of PC 500 (Ti02) 
A 1000 ppm stock solution of each dye was prepared and used for preparation of 20 ppm 
solutions by dilution. Fresh stock solutions were prepared daily. A 300 ml portion of 20 
ppm dye solution was poured to a Pyrex container and covered with a quartz plate, 
agitated in dark, after which the absorbance measurement was taken. This absorbance 
was considered to be the one corresponding to the initial concentration of the dye. A 
0.750 g portion of PC 500 was added to the solution and the reaction mixture agitated for 
20 min in the dark after which an absorbance measurement of the reaction mixture was 
taken at the appropriate wavelength. The reaction mixture was then irradiated with UV 
radiation while agitating continuously. Samples of the reaction mixture were collected 
every 15 min and stored in dark. Prior to absorbance analysis, the samples were 
centrifuged, the supernatant was collected and appropriate dilution was performed. 
Double distilled water was used as a blank. The latter procedure was the same for each 
dye studied. The absorbance measurements were taken at 663 nm for methylene blue, 
617 nm for malachite green, and 453 nm for chrysoidine R. These wavelengths were 
selected as those at which maximum absorbances were measured in the range from 200­
800 nm. Concentration of the analyte was determined using the standard calibration 
method. If the absorbance, A, value of a sample was found to be A > 1, the sample was 
diluted by the appropriate dilution factor. 
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2.3.2. Photochemical decomposition of methylene blue and malachite green in the 
presence of silica/titania CST 20) catalyst 
The decomposition of methylene blue and malachite green in the presence of 
silicaltitania CST 20) catalyst was studied by the procedure described in section 2.3.1. 
2.3.3 Photochemical decomposition of methylene blue in the presence of various 
catalysts 
The photodegradation of methylene blue was performed starting with a 300 ml 
portion of 20 ppm methylene blue solution in the absence and presence of the appropriate 
catalyst. The catalysts used in this study together with their compositions are listed in 
Table 1. The reaction system was first cooled to ~ lOoe after which 0.300 g of catalyst 
was added, the reaction mixture agitated for 20 min in dark after which it was illuminated 
by UV radiation. Samples were collected every 15 min. The sample collection procedure 
was the same as the one described in section 2.3.1. 
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CHAPTER 3 
RESULTS AND DISUSSION 
3.1 Photochemical decomposition of methylene blue, malachite green, and 
chrysoidine R in the presence of Ti02 catalyst 
This section includes results of studies of kinetics of photochemical 
decomposition of methylene blue, malachite green, and chrysoidine R in the presence of 
Ti02 photocatalyst. 
Characteristic wavelengths of maximum absorption O''lllax) were determined from 
the absorption spectra shown in Figures 5 - 7 where Figure 5 corresponds to methylene 
blue, Figure 6 to malachite green, and Figure 7 to chrysoidine R. The spectra reveal that 
the values Of/I'lllax are 663 nm for methylene blue (Figure 5), 617 nm for malachite green 
(Figure 6), and 453 nm for chrysoidine R (Figure 7). These Amax values were then used 
for the absorbance measurements in all the experiments that followed. 
Calibration plots for methylene blue (Figure 8), malachite green (Figure 9), and 
chrysoidine R (Figure 10) illustrate that the absorbance values follow Lambert-Beer's 
law in the range of concentrations examined as evidenced by the fact that the calibration 
plots for all three dyes are linear. 
Plots of the concentration of dye remaining in solution as a function of UV 
irradiation time are shown in Figure 11 for methylene blue, Figure 12 for malachite 
green, and Figure 13 for chrysoidine R. The initial dye concentration (i.e. at t = 0) was 
taken to be the one measured 20 min after the catalyst had been added to the solution. 
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During the wait period the reaction mixture was kept in dark and continuously agitated. It 
has previously been shown that it takes approximately 20 min for the molecules of the 
dye adsorb at the surface of the catalyst and the adsorption process to reach equilibrium. 
The amount of dye adsorbed at the catalyst was determined by subtracting the 
equilibrium concentration of dye from the initial one. 
Plots of concentration of dye remaining in solution as a function of irradiation 
time for methylene blue, malachite green, and crysoidine R are shown in Figures 11, 12, 
and 13, respectively. Analysis of the data in Figures 11 - l3 shows that the 
photodecomposition reaction follows first-order kinetics as evidenced by the fact that 
nearly linear plots of In(c) vs time (Figures 14, 15, and 16) are obtained for all the dyes 
studied. Shown in Table 2 are the amounts of dye adsorbed initially as well as the 
decomposition rate constants determined from the slopes of the lines in Figures 14-16. 
The data in Table 2 reveal that the rate constants decrease in the order chrysoidine 
R ;::::; malachite green> methylene blue. The trend is similar to the one seen with the 
amount of adsorbed dye prior to decomposition. As seen in Table 2, the amount of 
adsorbed chrysoidine R is higher than that of malachite green which is higher than the 
adsorbed amount of methylene blue. This trend is consistent with the hypothesis that an 
increased amount of reactant on the surface will result in an increased degradation rate. 
Given the three steps of heterogeneous catalysis: 1) adsorption; 2) chemical reaction; 3) 
desorption, it is reasonable to assume that the reaction rate will increase with an increased 
amount of adsorption (in the case of first order reaction). In addition to the degree of 
adsorption, other parameters, such as chemical structure and acid-base properties of the 
dye should also be taken into account. 
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3.2 Comparison of the degradation pattern of two dyes with two different catalysts 
Comparison analysis of adsorption and degradation rates of methylene blue and 
malachite green at PCSOO and ST20 (pyrogenic silica containing 20% Ti02 and 80% 
Si02) shows interesting trends. For example, it can be seen that ST20 adsorbs much more 
methylene blue than does PCSOO (Table 3). An opposite trend is found for malachite 
green. Two different factors can account for the trends seen. These include the polarity 
of the adsorbent (i.e. photocatalyst) as well as that of the adsorbate (i.e. dye). For 
example, methylene blue, a cationic dye, adsorbs more strongly and to a greater extent on 
Ti02 (PC-SOO), a more hydrophobic surface than that of silicaltitania (ST20). A mixed 
silicaltitania surface has many more surface hydroxyl groups originating from the silica 
portion of the mixed oxide. Based on this analysis alone, one would expect that 
methylene blue would adsorb more strongly and to a greater extent on silicaltitania 
(ST20) while and malachite green would adsorb preferentially on titania (PC-SOO). The 
difference in surface areas of the two catalysts (Table 3) is not expected to significantly 
contribute to the trends seen since the catalyst with a higher surface area would be 
expected to adsorb more dye, irrespective of its chemical structure. The latter trend was 
not observed experimentally. 
Plots of the concentration of dye as a function of irradiation time for methylene 
blue and malachite green at PCSOO and ST20 are shown in Figures 18 - 22. The 
decomposition rate in all cases follows first-order kinetics and the rate constants derived 
from first order kinetics analysis are shown in Table 3. Methylene blue decomposes at a 
higher rate at ST20 than at PCSOO. Malachite green, on the other hand, shows an 
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opposite trend (i.e. PC500 degrades malachite green much faster than ST20) which 
correlates well with the extent of adsorption of malachite green on the two catalysts. 
While the rate constants for decomposition of methylene blue on both catalysts are 
similar, it should be noted that for a given mass of catalyst used, PC500 has many more 
potentially active Ti sites than ST20 since the latter is only 20% Ti02. Thus, the true 
photocatalytic reaction rate per Ti is much greater for ST20 than for PC500. 
3.3 Degradation of methylene blue at different mixed nano-oxides as catalysts 
This section describes results of studies of adsorption and photochemical decomposition 
of methylene blue in the presence of various mixed oxides. For these experiments, a 
series of fourteen catalysts was synthesized by precipitating Ti02 onto the surface of 
silica particles, as described in the materials and methods section. The catalysts that were 
obtained by this method are not pyrogenic although the supporting silica is. These 
materials were synthesized at the Institute of Surface Chemistry in Ukraine. The 
chemical composition, surface area, and methods of pretreatment of the catalysts are 
given in Table 1. 
3.3.1 Degradation of methylene blue with TiSil catalysts 
Figure 24 shows the variation of concentration of methylene blue with time measured in 
the presence of TiSil 2 - 600 catalyst. In order to confirm reproducibility, the kinetics 
experiments were performed twice. Data corresponding to two trial runs with TiSil 2 ­
600 catalyst are shown in Figure 25. The rate constants from this data were found to be 
0.0405 min-1 and 0.0318 min-l for two repetitive trials. 
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Titania/silica catalysts calcined at 100ce were found to exhibit no photocatalytic 
activity while those calcined at 6000 e show significant catalytic activity. A major 
difference between TiSil 1 - 600 and TiSil 2 - 600 is that the former has more than 
double the amount of Ti than the latter. The photocatalytic activity of TiSil 2 - 600 
towards the decomposition of methylene blue is expected to be greater. It is also worth 
noting that the TiSil 2 - 600 sample has an anatase phase, which is known to be a 
catalytically active phase of Ti02, while TiSil 1 - 600 is x-ray amorphous. These factors 
seem to outweigh the facts that that the adsorbed dye concentration is slightly greater for 
TiSil 1 - 600, corresponding to a slightly larger surface area (Table 5). 
3.3.2 Degradation pattern of methylene blue with Ti02/ Si02/ Fe203 mixed nano­
oxides: 
The rate of decomposition of methylene blue at Ti02/ Si02/ Fe203 mixed nano­
oxides are shown in Figures (30 - 33). Four types of Ti02/ Si02/ Fe203 catalysts were 
used for these experiments. The results show that no catalysis towards the 
photodecomposition of methylene blue occurs. These results are consistent with the fact 
that methylene blue is not paramagnetic as well as with the expectation that the addition 
of Fe to a mixed oxide would increase the amount of adsorption of solely paramagnetic 
species. 
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3.3.3. Comparison of the degradation pattern of methylene blue with zirconia mixed 
nano-oxides 
A third group of catalysts consisted of zirconium oxide, silica and titania. All 
catalysts with the latter composition showed considerably high degradation rates. The 
course of photodecomposition of methylene blue at these catalysts is shown in Figures 34 
- 39, while the surface areas and rate constants are summarized in Table 5. The data in 
Table 5 show that the addition of Zr leads to an increase in the surface area of the catalyst 
which, in tum, results in a higher ability of the catalyst to adsorb the dye molecules and 
therefore in a higher degradation rate.20 The calculated rate constants in Table 5 show 
that catalysts containing lower Zr02 amount(ZrCeSi-1 and ZrCeSi-2) exhibit a higher 
catalytic activity than the ones having a higher amount of Zr02 (ZrCeSi-3 and ZrCeSi-4). 
Since Zr is directly below Ti in the periodic table and Zr02 is known to form very stable 
particles, catalysts of Zr02/Ce02/Si02 were tested with increasing Zr02 content (2 - 20 
wt %) with constant Ce02 (5 wt. %), the remainder Si02 (Table 1). The very high surface 
areas compared to all the other catalysts resulted in relatively high methylene blue 
adsorption values. The relatively low Zr02 content catalysts, those containing 2 wt% and 
5 wt% Zr02, were found to be the most active of this type of catalyst, approaching that of 
TiSil 2 - 600 (Table 5). In Table 5 these two catalysts also exhibited the greatest 
methylene blue adsorption, which corresponds with the most Si02 in the material. This 
may have some effect though clearly there may also be an interplay Ce02 and Zr02 in 
these materials which affects the photocatalytic activity. 
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3.3.4 Comparison of the degradation pattern of methylene blue in the presence of 
CeSi 
Given the possibility of Ce02 affecting photocatalytic activity, a series of Ce02/Si02 
catalysts were tested. Results are shown in Figures 40 - 45, and Tables 4 and 5. 
Intermediate Ce02 contents associated with samples CeSi - 2 and CeSi - 3 (12 and 18 
wt. % Ce02 respectively) give the highest rate constants for methylene blue 
photocatalytic degradation. 
Given these results, future work to increase Zr02/Ce02/Si02 catalytic activity 
might be to increase the Ce02 content of such a sample to between 12 and 18 wt. % with 
a low Zr02 content of between 2 - 5 wt. %. 
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Dye used Adsorbed conc. of dye / ppm Rate Constant (k)/ min-1 
Methylene Blue 1.63 0.0113 
Malachite Green 3.34 0.0141 
Chrysoidine R 5.15 0.0145 
Table 2. Kinetic parameters (adsorbed concentration and rate constants) for decomposition of methylene blue, malachite green, and 
chrysoidine R in the presence ofPC 500 (Ti02) catalyst 
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2Catalyst SBET value (m /g) Amount adsorbed to the catalyst / ppm Rate of degradation / min-1 
MB MG MB MG 
PC 500 42 1.63 3.34 0.0113 0.0141 
ST20 58 10.3 1.96 0.0128 0.0046 
-
-_..-
­
Table 3: Comparison of the degradation rate and the adsorbed amount to the catalyst in the presence of each catalysts and UV 
radiation 
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Figure 32. Variation of concentration of methylene blue with illumination time in the presence of ZrCeSi -1 catalyst. Absorbance 
taken at Amax = 663 nm. 
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Figure 33.Variation of concentration of methylene blue with illumination time in the presence of ZrCeSi -2 catalyst. Absorbance taken 
at Amax = 663 nm 
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Figure 34.Variation of concentration ofmethylene blue with illumination time in the presence of ZrCeSi -3 catalyst. Absorbance taken 
at Amax = 663 nm. 
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Figure 35.Variation of concentration of methylene blue with illumination time in the presence of ZrCeSi -4 catalyst. Absorbance taken 
at Amax = 663 run. 
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Figure 36.Variation of concentration ofmethylene blue with illumination time in the presence ofZeCeSi -1 (green), ZrCeSi-2 (brown), 
ZrCeSi-3(blue), ZrCeSi-4(red) catalysts. Absorbance taken at "'-max = 663 nm. 
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Figure 37. Mean In(C) vs. time for degradation of methylene blue in the presence of ZeCeSi -1 (blue), ZrCeSi-2 (pink), ZrCeSi-3 
(green), ZrCeSi-4 (dark blue) catalysts. Data taken from Figure 36. 
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Figure 38. Variation of concentration ofmethylene blue with illumination time in the presence ofCeSi - 1 catalyst. Absorbance taken 
at Amax = 663 run 
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Figure 39. Variation of concentration ofmethylene blue with illumination time in the presence ofCeSi -2 catalyst. Absorbance taken 
at Amax = 663 nm. 
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Figure 40.Variation of concentration of methylene blue with illumination time in the presence of CeSi - 3 catalyst. Absorbance taken 
at Amax = 663 nm. 
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Figure 41. Variation of concentration of methylene blue with illumination time in the presence of CeSi - 4 catalyst. Absorbance taken 
at Amax = 663 nm. 
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Figure 42. Variation of concentration of methylene blue with illumination time in the presence ofCeSi - l(pink), CeSi-2 (brown), 
CeSi - 3 (blue ), CeSi - 4 (green). Absorbance taken at Amax = 663 nm. 
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Figure 43. Mean In (C) vs. time for degradation of methylene blue in the presence ofCeSi - l(green), CeSi - 2 (pink), CeSi­
3 (blue ), CeSi - 4 (orange) catalysts. Data taken from figure 42. 
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Sample Ce02 (Wt. %) SBET (m2/g) Average crystallite size Ce02/ nm 
CeSi 1 6.6 211 2.4 
CeSi2 12.3 201 3.0 
CeSi3 18.3 179 3.4 
CeSi4 23.3 162 3.4 
~... 
Table 4. Composition, Specific surface area, and crystalline size ofCeSi catalysts samples used for the photo degradation. 
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Catalyst SBET (m2/g) Adsorbed dye concentration / ppm Rate constant / min-I R2 value 
TiSill-600 111 7.81 0.0098 0.9386 
TiSi12-600 95 6.54 0.0351 0.9665 
ZrCeSi-l 287 1.18*101 0.0189 0.9912 
ZrCeSi-2 283 1.12*101 0.0148 0.9943 
ZrCeSi-3 282 9.28 0.0088 0.9902 
ZrCeSi-4 279 5.21 0.0041 0.9429 
CeSi-l 2.4 4.21 0.0047 0.9560 
CeSi-2 3.0 1.40 0.0082 0.9712 
CeSi-3 3.4 3.40 0.0080 0.9848 
CeSi-4 3.4 2.00 0.0063 0.9810 
Table 5. Summarized data of the degradation rate, the amount ofmethylene adsorbed to the catalyst, standard deviation, and R2 value. 
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CHAPTER 4 
CONCLUSION 
According to our data, it was observed that chrysoidine R gave a higher 
degradation with PC 500 (Ti02) comparative to other dyes (methylene blue and malachite 
green). When comparing the degradation of methylene blue, it gave a similar degradation 
with both PC 500 and ST 20. On the other hand malachite green showed higher 
degradation for PC 500 than that of ST 20. TiSil-1-600 and TiSil-2-600 both showed 
higher degradation comparative to TiSil-3-100. There were some deviations in the 
isotherm due to the scattering from particles in the sample. Catalysts with ferrous oxides 
did not show better degradation of methylene blue in the presence of UV radiation. Since 
this experiment was done in three hours and according to the isotherm, there was no 
regeneration of methylene blue and it decomposed. Zirconium mixed oxide catalysts 
showed higher degradation pattern for methylene blue in the presence of UV radiation. 
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